Ecelbarger CM. Reduction of renal dopamine receptor expression in obese Zucker rats: role of sex and angiotensin II. Am J Physiol Renal Physiol 299: F1164-F1170, 2010. First published September 1, 2010 doi:10.1152/ajprenal.00604.2009.-Dopamine produced by renal proximal tubules increases sodium excretion via a decrease in renal sodium reabsorption. Dopamine natriuresis is impaired in obese Zucker rats; however, the mechanism is not fully understood. To test the hypothesis that renal expression of one or more of the subtypes are altered in these rats, we measured whole kidney protein levels by immunoblotting of D1-like (D1R and D5R) and D2-like (D2R, D3R, and D4R) dopamine receptors in both male and female obese and lean Zucker rats. In obese males on 1% NaCl diet, D1R, D2R, D4R, and D5R were decreased, while D3R was increased, relative to lean rats. Under a 4% NaCl diet, D2R and D3R levels in obese rats were restored to lean levels. 4% NaCl diet reduced D5R in both body types, relative to 1% NaCl diet. Female rats had higher expression of D1R and D3R than did male; however, the sex difference for D1R was markedly blunted in obese rats. In obese rats, dietary candesartan (angiotensin II type 1 receptor blocker) normalized downregulated D1R and D2R, but either decreased (D3R), did not affect (D4R), or further downregulated (D5R) the other subtypes. Candesartan also decreased D4R in lean rats. In summary, reduced renal protein levels of D1R, D2R, D4R, and D5R in obese Zucker rats could induce salt sensitivity and elevate blood pressure. Increased angiotensin II type 1 receptor activity may be mechanistically involved in the decreased expression of D1R and D2R in obese rats. Finally, reduced D1R and D3R in male rats may contribute to sex differences in blood pressure.
hypertension; insulin resistance; kidney; sex differences; salt sensitivity; natriuresis DOPAMINE REGULATES EXTRACELLULAR fluid volume and blood pressure by facilitating natriuresis. Dopamine receptors are divided into two subfamilies: D1-like (D1R and D5R, or D1A and D1B, respectively) and D2-like (D2R, D3R, and D4R). All five dopamine receptors are expressed along the renal tubule, often overlapping in sites such as the proximal tubule, thick ascending limb, and collecting duct (42) . Dopamine receptors inhibit sodium transport in several renal tubule segments via PKA/PKC-dependent and -independent mechanisms that are specific to each receptor subtype. Dysregulation of dopamine receptors in the kidney leads to an impairment in the ability to excrete a sodium load, which may eventually lead to the development of hypertension (42) . However, the contribution of each individual subtype to this impairment is not well defined.
Renal dopamine receptor function is impaired in obese humans (27) , as well as in the obese Zucker rat (31) , a rodent model of human metabolic syndrome (19) , a disorder that is increasing to epidemic proportions around the world (16) . The impaired natriuretic effect of exogenously administered dopamine in obese Zucker rats has been reported to be caused by impaired ability of D1-like agonists to activate G proteins and inhibit renal sodium/hydrogen exchanger 3 and Na-K-ATPase activities in proximal tubule (8, 23, 31) . On the other hand, increased activity through the D3R, a D2-like receptor, has been reported to be involved in renal injury in obese spontaneously hypertensive NIH corpulent rats (18) .
Under conditions of positive sodium balance, at least 50% of urinary sodium excretion is caused by activation of renal D1-like receptors (10, 15, 25, 37) . Furthermore, pharmacological inhibition of D1-like receptors has been demonstrated to decrease basal renal sodium excretion (10) . However, because there are no commercially available drugs that can distinguish D1R from D5R, it is not known if either or both receptors are involved in the increased sodium excretion associated with positive sodium balance. Moreover, while D5RϪ/Ϫ mice have been shown to be salt sensitive, with regard to blood pressure changes (45) , this has not yet been determined for D1RϪ/Ϫ mice.
In contrast to the ability of D1-like receptor antagonists to decrease basal sodium excretion, nonselective pharmacological inhibition of D2-like receptors does not decrease renal sodium excretion in volume-expanded humans (2, 14) or rats (25) . However, selective D3R antagonists do decrease the ability of rats to excrete a salt load. D3RϪ/Ϫ mice also have an impaired ability to excrete a sodium load (3, 38) . Thus it is possible that the D3R may also be important in regulating the salt sensitivity of blood pressure.
Dopamine receptors interact with the renin-angiotensin-aldosterone system to regulate renal sodium transport and blood pressure (29, 42) . We have clearly shown that chronic blockade of the angiotensin II (ANG II) type 1 receptor (AT1R) reduces blood pressure in both lean and obese Zucker rats (30) . However, the effect of AT1R blockade on dopamine receptor regulation in these rats has not been tested.
For these studies, we hypothesized that dopamine receptor subtypes are differentially expressed in the kidneys of obese and lean rats. To test this, we quantified whole kidney protein expression of the five renal dopamine receptors in obese and lean rats on control and high-NaCl diets and, after treatment with the AT1R antagonist, candesartan. Because our laboratory has demonstrated that high-dietary NaCl intake increased blood pressure differentially in male vs. female rats (35), we determined whether renal dopamine receptor expression is sex specific in the obese Zucker rat model.
METHODS
Animals and study designs. Young male and female, lean (FA/?) and obese (fa/fa) Zucker rats were purchased from Charles River Laboratories (Wilmington, MA) and housed primarily in groups of three in microfilter-top cages under standardized 12:12-h light-dark cycles with controlled temperature and humidity. Rats were fed either a moderate NaCl diet (1% NaCl, LabDiet, Purina Mills, St. Louis, MO) or a 4ϫ higher NaCl diet (4% NaCl, custom-formulated, HarlanTeklad, Madison, WI). In an additional study, male rats were randomized within each body type to receive either ground Purina 5001 diet (1% NaCl), in a gelled agar form (19) , or this same diet plus added candesartan cilexetil (AstraZeneca, Wilmington, DE), an AT1R antagonist, at 5 mg·kg·body wt Ϫ1 ·day Ϫ1 . Diets were fed chronically from 5-14 wk before euthanizing the animals. There were five to six rats in each treatment group. All studies were preapproved and adhered to the guidelines of the Georgetown Animal Care and Use Committee, an Association for Assessment and Accreditation of Laboratory Animal Care International approved facility.
Preparation of kidney samples. Immediately after euthanization, both kidneys were removed, and the right kidney was homogenized in 10-ml ice-cold isolation buffer (13) using a homogenizer with a saw-tooth generator. Samples of the whole kidney homogenates were prepared for immunoblotting, as previously described (13) . Before immunoblotting, "loading gels" were run with equal amounts of protein, as determined by a bicinchoninic acid assay (Pierce Biotechnology, Rockford, IL) and stained with Coomassie brilliant blue dye (BioRad) to ascertain protein loading and integrity.
Primary antibody preparation and immunoblotting. The design and characterization of the peptide-targeted rabbit polyclonal primary antibodies against D1R, D3R, and D5R have already been reported (28, 36, 48) . For D4R, we used a similar strategy to select a specific immunogenic peptide, i.e., CRRKRGAKITGRERKAMRV, which was synthesized by Lofstrand Laboratories (Gaithersburg, MD). Polyclonal antibody production proceeded at Antibodies (Davis, CA). Antibodies were affinity purified in our laboratory from whole serum using peptide-bound columns (Pierce Biotechnology, Rockford, IL). All antibodies were tested for specificity using tissues derived from their respective dopamine receptor knockout mice and in human embryonic kidney-293 cells transfected to overexpress the receptor, as well as by peptide-preadsorption experiments. The D2R antibody was purchased from Chemicon (Millipore). For loading correction, we reprobed with either a ␤-actin antibody, a polyclonal rabbit (Sigma), or a GAPDH antibody, a monoclonal mouse (Chemicon).
For immunoblotting, kidney protein samples were separated on 10% SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were incubated with the primary antibodies overnight at 4°C, washed, and then exposed to a secondary antibody [goat antirabbit IgG conjugated with horseradish peroxidase at a 1:10,000 dilution (Pierce)] for 1 h at room temperature. Signals of the antibodyantigen reaction were visualized with a luminol-based, enhanced chemiluminescence substrate (LumiGLO, Kirkegaard and Perry Laboratories, Gaithersburg, MD) after exposure to X-ray film (13) .
Statistical analysis. Specific bands on the developed films were scanned using a standard flat-bed scanner, and their densities quantified using NIH Image J software (National Institutes of Health, Bethesda, MD). The protein band densities were normalized by the corresponding ␤-actin or GAPDH densities upon reprobe. The results are reported as percentage of the mean of the control groups. Twosided unpaired Student's t-test was used for two-group comparisons, with P Ͻ 0.05 considered as significant. For three or more groups, one-or two-way ANOVA was used. A significant one-way ANOVA was followed by the multiple-comparisons test, Holm-Sidak or Dunns, to ascertain differences between pairs of means. Figure 1 shows representative Western blots (A) and the densitometry summary (B) for dopamine receptor subtypes in lean and obese male rats fed a moderate 1% NaCl diet. For D1R, we detected a band at 55 kDa (immature) and an additional band at around 75 kDa (glycosylated) (47) in lean and obese rat whole-kidney homogenates. Both D1R band regions (55 and 75 kDa) were decreased in obese rat kidneys; the 75-kDa band significantly so, to a level ϳ40% that of the lean rats (Fig. 1) . D5R (the other D1-like receptor) was also significantly decreased (by ϳ30%) in the obese rats. Among the D2-like receptors, D2R and D4R band densities were also significantly decreased; however, D3R expression was significantly increased (ϳ35%) in the obese rat kidneys.
RESULTS

Obese Zucker rats have reduced renal protein levels of all dopamine receptors, except D3R.
A fourfold increase in dietary NaCl does not enhance these changes. Figure 2 shows that high-NaCl diet did not exacerbate differences in dopamine receptor levels between the body types, despite greater salt sensitivity of blood pressure in the obese rats (35) . In fact, there was a tendency for some differences to be attenuated or reversed. The ϳ55-kDa bands associated with D1R, D5R, and D4R continued to be decreased in obese, relative to lean, male Zucker rats. However, the 75-kDa band of D1R was not decreased, nor was the band associated with D2R. Furthermore, D3R was no longer increased in the obese relative to lean rats.
Effects of high-NaCl diet, per se, on receptor expression. Using two-way analysis of variance, we also compared the two Fig. 1 . Dopamine receptor protein levels in lean and obese Zucker rats under 1% NaCl diet. A: representative immunoblots of dopamine receptor subtypes (D1R, D2R, D3R, D4R, D5R) and ␤-actin in whole kidney homogenates from lean and obese male Zucker rats (n ϭ 6/group) on 1% NaCl diet. Each lane was loaded with a sample from a different rat. B: bar graph of the densitometric analyses of all of the immunoblots (means Ϯ SE, normalized by actin, shown as percentage of lean). *P Ͻ 0.05, lean vs. obese rats, Student's t-test. All dopamine receptors, except D3R, were decreased in the kidneys from obese relative to lean male rats. salt levels to each other with regard to their effects on the expression of renal dopamine receptors and their interactions with body type (Table 1 ). An increase in NaCl reduced renal abundance of D5R substantially (by over 50%) in both body types (Fig. 3) . There was also a significant reduction in D3R with the 4% NaCl diet (Table 1 ). This effect was mainly apparent in obese rats.
Sex affects dopamine receptor expression levels. In Fig. 4 we show representative Western blots of dopamine receptors in obese and lean male and female rats on the 4% NaCl diet. Densitometry and statistics are shown in Table 2 . Previously, our laboratory showed that blood pressure was increased by 20 -30 mmHg with a switch from a 0.4% to a 4% NaCl diet in obese rats (20) . This increase was observed in both sexes, although slightly attenuated in obese females. In the lean rats, males showed a small, but still significant, rise in blood pressure (mean approximately ϩ5 mmHg), while lean females showed a slight, nonsignificant dip (mean approximately Ϫ4 mmHg) (20) . We determined whether differential dopamine receptor expression might play a role in these sex differences in salt sensitivity of blood pressure. In agreement with potentially greater natriuretic capability, lean females had the highest expression of both the 55-and 75-kDa bands of D1R, relative to other groups. No sex differences in D1R were seen in the obese rats. The lean female rats also had a doublet 55-kDa D1R band that was not observed in the other groups; the significance of this band is unknown. There was no difference in D5R expression between female and male rats of either body type. Among D2-like receptors, D3R was also significantly higher in female rats, with a trend for this effect to be pronounced in obese rats (interactive term P ϭ 0.075).
Candesartan mainly affects expression in obese rats. To determine whether blockade of AT1R would normalize altered renal D1-like and D2-like receptors in the male obese rats, the dopamine receptor subtypes in the kidney were quantified in rats treated with control or candesartan-supplemented diet (Fig. 5) . Density summary and statistics are shown in Table 3 . Candesartan had only one significant effect in lean rats in that it reduced D4R levels. In obese rats, it basically normalized the expression of D1R (both bands) and D2R, so that densities were no longer significantly different from those of lean controls. It caused a reduction in D3R, which was originally increased in the obese rats. It had no effect on the existing lower level of D4R, and caused a further reduction in D5R. Fig. 2 . Dopamine receptor protein levels in lean and obese Zucker rats under 4% NaCl diet. A: representative immunoblots of dopamine receptor subtypes and GAPDH in whole kidney homogenates from lean and obese male Zucker rats on 4% NaCl diet (n ϭ 5 or 6/group). Each lane was loaded with a sample from a different rat. B: bar graph of the densitometric analyses of all of the immunoblots (means Ϯ SE, normalized by GAPDH, shown as percentage of lean). *P Ͻ 0.05, lean vs. obese rats, Student's t-test. The decrease in D1R, D5R, and D4R seen on 1% NaCl diet persisted, but was not enhanced, with the increased salt diet. a,b,c After multiple comparisons tests, the letter "a" was assigned to the highest mean and all means not different from it, followed by "b" then "c", etc. Overlapping letter designations indicate means are not different from each other, P Ͻ 0.05. *Significant P values. Fig. 3 . Dopamine receptor D5 protein levels in lean and obese rats fed 1 vs. 4% NaCl diets. Representative immunoblots are shown of dopamine receptor D5R and GAPDH in whole kidney homogenates from lean and obese male Zucker rats (n ϭ 5 or 6/group) on a 1 or 4% NaCl diet. Each lane was loaded with a sample from a different rat. Protein loading was similar in all samples confirmed by Coomassie blue staining (bottom).
DISCUSSION
The renal dopaminergic system is important in the regulation of renal sodium handling, especially during states of positive sodium balance (10, 15, 25, 37) . A decreased renal production of dopamine, dopamine receptor density, and/or an uncoupling of the dopamine receptors from their G protein effector complexes has been described in essential hypertension (6, 42) and in the metabolic syndrome (11, 33) . However, endogenous renal dopamine production is normal or even increased in obese humans (46) , monkeys (43) , and rats (39) . Therefore, the dopaminergic defect in the obese male rat has been suggested to be at the receptor or postreceptor level (4, 5, 7, 23, 24, 40) . Our finding of decreased renal expression of D1R in obese male rats provides a potential explanation for the reduced D1-like dopaminergic signaling previously reported in the proximal tubule of these rats (5, 31) . Furthermore, obese Zucker rats also had reduced expression of D5R. Our laboratory has shown in several reports that deletion of the D5R gene in mice, regardless of sex, is similarly associated with an elevation in blood pressure (1, 21, 29, 45) .
Among the D2-like receptors, renal D2R and D4R expression were also decreased in the obese, relative to lean, rats. D2R binding in various areas of the brain has been reported to be decreased in morbidly obese male and female humans (41), obese male Zucker rats (12), male Otsuka Long Evans Tokushima Fatty rats (20) , and obesity-prone female rats (17) . Disruption of D2R or D4R in mice generates mice with normal plasma renin levels, but AT1R-related hypertension (41, 42) .
Thus the decreased protein expression of those two receptors may also have contributed to the pathogenesis of hypertension in the obese rats. In contrast to the decreased expression of the other D2-like receptors, renal D3R expression was increased in obese relative to lean rats. Because a high-fat diet increased body fat in D3Ϫ/Ϫ mice (32), the increase in D3R expression could represent a compensatory mechanism.
High-salt intake increased blood pressure to a greater extent in obese than in lean Zucker rats (35) . On the high-salt diet, differences between the body types for the expression of most receptor subtypes were maintained, but were not exacerbated. Thus a greater "decrease" in dopamine receptor subtypes in the obese rats did not account for the difference in blood pressure between genotypes with high NaCl. In other words, the NaCl in the diet did not cause the fall in dopamine receptor subtype expression, except D5R, which is decreased to a similar extend in lean or obese rats by the salt loading (Table 1) . However, the marginal dopamine-mediated natriuresis in the obese rats may have become "physiologically" more relevant with a 4ϫ higher NaCl load that needed to be excreted. Among the D2-like receptors, only the expression of D4R continued to be decreased in obese male rats on 4% NaCl diet (compared with the 1% NaCl diet, Table 1 ). Because the D3R interacts with D1-like receptors to increase sodium excretion (26) , it is possible that the increase in the expression of D3R and D2R with high-NaCl diet in obese rats is a compensatory response to the persistent reduction in D1-like receptor expression. Fig. 4 . Effect of sex on renal dopamine receptor subtypes. Representative immunoblots are shown of dopamine receptor subtypes in whole kidney homogenates from lean and obese male and female rats on a 4% NaCl diet. Statistics for the densitometric analyses are shown in Table 2 (n ϭ 5-7/group). Values are means Ϯ SE for each group. Densitometry of bands for all groups was normalized to the mean of lean male rats. For each protein, results of two-way ANOVA are shown below densitometry.
a,b,c After multiple comparisons tests, the letter "a" was assigned to the highest mean and all means not different from it; followed by "b" then "c", etc. Overlapping letter designations indicate means are not different from each other, P Ͻ 0.05. *Significant P values.
We also found that renal dopamine receptor expression was influenced by sex. Lean males had reduced levels of both the 55-and 75-kDa bands associated with D1R, compared with the lean females. This reduction in D1R in these males may have accounted for the modest salt sensitivity of blood pressure observed in these rats, compared with their lean female counterparts (35) . This modest salt sensitivity of lean male Zucker rats confirmed other reports (9) . The absence of a sex difference in D1R protein levels in obese rats could not be explained by a reduction in circulating estradiol levels in the obese females, since we showed these levels were not significantly different between lean and obese female rats (34) . On the other hand, both obese and lean females had greater levels of D3R than their male counterparts. Mechanisms underlying these sex differences remain to be determined.
AT1R expression is increased in the kidney of obese male Zucker rats relative to lean (22, 44) . AT1R blockade in the obese rats increased to lean level expression of D1R and D2R. In contrast, candesartan did not correct, but led to a further reduction in D5R expression (Table 3) . It also decreased the expression of D3R, which was originally elevated. These results are surprising, because, in nonobese mice, AT1R and D5R and AT1R and D3R counterregulate each other's expression (42) . It is possible that the interactions between dopamine receptors and AT1R are altered by the obese state (see below) or that a decrease in D5R expression is innate to obese Zucker rats, while decreased expression of the D1R is secondary, as has been reported (5).
Except for a decrease in D4R, candesartan did not affect renal dopamine receptor expression in lean rats. D4R negatively regulates AT1R, but whether the converse occurs is not known. It is possible that, in lean rats, AT1R increases D4R expression that can serve as a brake for a further increase in its own expression.
In summary, our studies show a reduction in the renal expression of the dopamine receptor subtypes, except for D3R, in Zucker obese rats fed a moderate NaCl diet. This downregulation could contribute to the salt sensitivity of blood pressure in these rats. AT1R blockade increased the expression of D1R and D2R and reduced D3R and D5R expression; however, the reduced levels of D4R in the obese rats were resistant to candesartan, suggesting that increased renal AT1R activity in obese rats may have a role in some, but not all, of the observed dopamine receptor alterations. Finally, female Zucker rats had higher D1R and D3R than did male rats. This may have contributed to reduced salt sensitivity of blood pressure in female rats.
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